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ABSTRACT
The HI-BEAM DVB-S2 high-speed modem has been reviewed to determine if it is suitable to deploy on a small
LEO satellite for a spacecraft to ground data link at user rates up to 800 Mbps. DVB-S2 provides close to Shannon
Limit performance using QPSK, 8PSK and 16APSK modulations and LDPC codes. The original design of the HIBEAM modem was for an aircraft to ground data link. Examination of its radiation tolerance level (Total Dose = 5
krads) indicates it can only operate at the lower altitudes of a few 100 kilometers without additional radiation
hardening/shielding. Mechanical and thermal tests indicate that the existing design should not require any substantial
changes to meet the requirements for launch and on-orbit operations. In addition the use of the DVB-S2 Variable
Coding and Modulation (VCM) should provide over a 50% greater throughput relative to constant coding and
modulation (CCM) links.
INTRODUCTION

IMPLEMENTATION FOR DVB-S2 MODEM

Using commercial practices ViaSat developed a modem
to provide a high-speed, aircraft-to-ground data link. In
this paper we investigate how suitable that modem is
for providing a high-speed, LEO-spacecraft-to-ground
data link.

The LDPC code implementation requires iterative
processing using soft decision decoding which requires
extensive digital logic as well as significant memory.
As a result most high-speed implementations for DVBS2 receivers has occurred with either multiple FPGAs
or single chip ASICs at limited symbol rates. For this
implementation a single FPGA solution that provides
both transmit and receive functions simultaneous at
symbol rates up to 300 Msps for a maximum user rate
of 810 Mbps in both directions. This implementation
allows operation at QPSK, 8PSK and 16APSK
modulations with code rates from ¼ to 9/10 as shown in
Table 1.

The modem is based on the Digital Video Broadcasting
Second Generation (DVB-S2) waveform standard. It
achieves high performance using Low Density Parity
Check (LDPC) codes. The LDPC codes enable
performance close to the Shannon Limit and provides
an average of 2.7 dB of increased signal-to-noise (SNR)
margin for the same bandwidth efficiency over the
Reed-Solomon concatenated with Convolutional coding
used by DVB-S. All hub-spoke, VSAT systems today
are being delivered with DVB-S2 on the forward link
because of the increase SNR.

The implementation for the Highly Integrated
Bandwidth Efficient Advanced Modulation (HIBEAM) DVB-S2 transmit and receive modem is shown
in Figure 1. The modem system consists of two boards:
an IF board which performs quadrature up and down
conversion between baseband and IF and a digital
processing board. The IF frequency range is 950 – 2150
MHz which is the extended L-band used for satellite
communications. The analog filtering in the IF board
was designed so it can be readily changed so spectrum
mask requirements are met over a wide range of
bandwidths.

The following sections provide a detailed description of
the DVB-S2 modem including its size, weight, and
power (SWAP) capability. The expected impact of the
Launch, Space radiation and the on-orbit operations
will also be described. In addition the use of the DVBS2, on-the-fly, adaptive links capability to increase the
total data link throughput is presented and a LEO-toground data link example is provided to illustrate the
value of the adaptive links.
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Figure 1: HI-BEAM DVB-S2 Modem Block Diagram

The digital board contains:
•
•
•
•

•

Two (2) 8-bit Analog to Digital
Converters (ADC);
Two (2) 14-bit Digital to Analog
Converters (DAC);
A single Altera Stratix IV FPGA (either
model 530 or 820 which have identical
foot prints);
Freescale Microprocessor (MPC8313);

•

Freescale Microprocessor (MPC8313);A
10/100 Ethernet control and status port;
and
A bidirectional GbE data port.

Size: 10” x 6.6” X1.5”
Weight: 2.9 lbs
Power: 37 Watts for 135 Msps
in both directions
Figure 2: Size, Weight, and Power (SWAP) for the HI-BEAM DVB-S2 Modem
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The physical layout of the modem is shown in Figure 2
with the IF board mounted on top of the digital
processing board. The modem is designed to meet
ruggedized requirements for outdoor all-weather
operations. This includes operating in an ambient
temperature environment ranging from -20° to +60° C;
and in a shock and vibration environment consistent
with fixed wing and helicopter environments.

The modem is cooled by conduction to the housing
bottom surface and is fan-less. Pressure relief valves
permit operation to over 70,000 feet altitude. The GbE
data port is bidirectional so it receives and transmits
data simultaneously.

The results reported here pertained to the case for the
Altera Stratix IV FPGA using model 530. The model
820, which is pin compatible with the 530 and has
greater FPGA resources than the 530, is expected to
increase the symbol rate significantly beyond what was
achieved for the 530.

issue. The code that was implemented achieved a very
high FPGA utilization percentage which resulted in the
following maximum user data rates for symmetric
Tx/Rx operation of 720, 810 and 540 Mbps for,
respectively, 16APSK, 8QPSK, and 540 QPSK
modulations.

The FPGA code for all transmit (framing, Generic
Stream Encapsulation (GSE) encapsulation, encoding
and symbol mapping) and receive (de-framing, GSE decapsulation, demodulation, and decoding) functions is
contained within the single FPGA. The general modem
architecture including ADC and DAC was chosen to be
able to support a symbol rate of at least 400 Msps. The
Tx/Rx throughput limitation becomes a FPGA resource

Besides supporting both asynchronous and synchronous
operation from 1 Msps to the maximum symbol rate, in
steps of 1 Msps, the modem is also designed to support
point-to-point Variable Coding and Modulation (VCM)
and Adaptive Modulation and Coding (ACM). In
addition, the modem supports an internal pseudo
random data checker mode with internally generated
digital noise that allows an easy check on BER
performance.

VARABLE CODING AND MODULATION
The DVB-S2 waveform offers on-the-fly, Variable
Coding and Modulation (VCM) capability to achieve
significant throughput performance for many practical
applications. This section presents the use of DVB-S2
and VCM for the transmission of LEO satellite data
directly to a ground receiving station.

S2 to support a wider range of applications and
operational scenarios. The capability to change
modulation and coding “on-the-fly” is enabled by the
use of a special physical layer header (PLHEADER)
defined with in the S2 waveform. Within the
PLHEADER, a separately encoded field transmits
instructions about the modulation and coding
parameters to be used in the XFECFrame for
demodulation and decoding. The available modulation
and code rate combinations along with the required
Es/No values are given in Table 1.

The modulation and code rate combinations (
MODCODEs) within the DVB-S2 standard are defined
over a 18 dB of dynamic range using modulations
ranging from QPSK to 32APSK and code rates from
1/4 to 9/10. The increase dynamic range enables DVBLABORATORY TEST RESULTS
Laboratory tests were run to determine the performance
of the modem. For these tests, data was sent over an IF
link between two modems in back-to-back
configuration. Noise is injected in the IF link to vary
the Es/No magnitude. The reported Es/No is based on
spectrum measurements. The results for these
performance tests are shown in the Table 1 for QPSK,
8PSK and 16APSK modulations at maximum symbol
rates as described above.

Gedney

3

29th Annual AIAA/USU
Conference on Small Satellites

Table 1: HI-BEAM Es/No Performance Test Results
(IF Loop Back, AWGN, Pilots Off)

16K Block Size

64K Block Size

Spectral
Efficiency

HI-BEAM
Target (PER =
1e-6 or BER =
1e-9)

Spectral
Efficiency

HI-BEAM
Target (PER =
1e-6 or BER =
1e-9)

[bits/sym]

Es/No
[dB]

Eb/No
[dB]

[bits/sym]

Es/No
[dB]

Eb/No
[dB]

Mod

LDPC
Code
Identifier

QPSK

1/4

0.37

-1

2.7

0.49

-0.9

2.2

QPSK

1/3

0.63

0.5

1.4

0.66

0.3

2.1

QPSK

2/5

0.76

1.5

1.5

0.79

1.2

2.2

QPSK

1/2

0.85

2.1

1.8

0.99

2.5

2.5

QPSK

3/5

1.16

3.9

2.3

1.19

3.7

2.9

QPSK

2/3

1.29

4.8

2.4

1.32

4.6

3.4

QPSK

3/4

1.42

5.8

2.9

1.49

5.5

3.8

QPSK

4/5

1.51

6.4

3.2

1.59

6.2

4.2

QPSK

5/6

1.6

6.9

3.6

1.65

6.7

4.5

QPSK

8/9

1.73

8

4.3

1.77

7.7

5.2

QPSK

9/10

N/A

N/A

N/A

1.79

7.9

5.4

8PSK

3/5

1.73

7.3

3.8

1.78

7

4.5

8PSK

2/3

1.92

8.2

4.4

1.98

8.1

5.1

8PSK

3/4

2.12

9.5

5.1

2.23

9.4

5.9

8PSK

5/6

2.38

11

6.0

2.48

10.9

7.0

8PSK

8/9

2.58

12.4

7.1

2.65

12.2

8.0

8 PSK

9/10

N/A

N/A

N/A

2.68

12.5

8.2

16APSK

2/3

2.55

10.7

5.5

2.64

10.5

6.3

16APSK

3/4

2.81

12

6.4

2.97

11.7

7.0

16APSK

4/5

2.98

12.7

6.8

3.17

12.5

7.5

16APSK

5/6

3.16

13.3

7.1

3.3

13.1

7.9

16APSK

8/9

3.42

14.6

8.1

3.52

14.4

8.9

16APSK

9/10

N/A

N/A

N/A

3.57

14.6

9.1

DATA LINKS FOR LEO SATELLITES
LEO satellites typically transmit data to tracking
ground antenna systems (see Figure 3) during a
relatively short period of time. For a satellite in a 705
Km orbit, the transmit time (starting and finishing at a 5
degree elevation angle) is approximately 12 minutes.
Figure 4 shows the variation in received C/No at a
ground station versus elevation angle for a satellite in a
705 Km orbit with a gimbaled antenna that continually
points at the ground receiver. The variation in C/No is
approximately 11 dB from an elevation angle of 5 to 90
degrees.
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reaching nadir. For the scenario illustrated in Figure 4,
a possible MODCODE step change is given in Table 2
as well as shown in Figure 4. The condition for the
transmissions assumes the satellite solid state amplifier
is run near the P1dB power level. The implementation
loss for the amplifier’s non-linearity is not included in
the Es/No values listed in Table 2, but has been
accounted for in the link budgets. For the 16APSK and
8PSK transmitted waveforms, pre-distortion was also
assumed to reduce this non-linear implementation loss.
In addition, a 3.0 dB of margin has been included to
take care of other possible unexpected losses. The
symbol rate for these transmissions is fixed at 220
Msps.
Figure 3: Tracking Ground Antenna System
For a data link with constant coding and modulation
(CCM) the maximum data rate is dictated by minimum
C/No. DVB-S2 with its capability for VCM and ACM
can significantly increase the total throughput during a
data dump. For LEO satellites, the orbit parameters are
known ahead of the data transmissions and instead of
using CCM, VCM can be used where by the code rate
and modulation is programmed in the satellite to change
from initial acquisition at 5 degree elevation angle to
Table 2: VCM Step Changes for Downlink Transmission

Time from Nadir
(sec)
0 to 70
70 to 120
120 to 170
170 to 220
220 to 290
290 to 345

DVB-S2 Modulation
and Code Rate
16APSK 8/9
16APSK 4/5
8PSK 5/6
8PSK ¾
8PSK 2/3
QPSK 5/6

Required
Es/No
(dB)
13.8
12.0
9.9
8.6
7.2
5.7

User Data
Rate
(Mbps)
790
701
548
493
438
366
increase that amount to a total of 193.2 Giga bits or a
53% increase in throughput. With the DVB-S2
waveform, achieving the step changes in data rate onthe-fly is readily accomplished using a suitable buffer
on-board the satellite.

If CCM was being used for the transmission a constant
user data rate of 366 Mbps would be sent for the entire
time which would result in a total of 126.1 Giga bits
transmitted. However, using VCM, it is possible to
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Figure 4: C/No versus time from NADIR for a remote sensing satellite in a 705 Km orbit with a gimbaled
satellite antenna

possible to operate using commercial parts that have not
had specific radiation hardening. Radiation hardness
levels for commercial parts are generally defined as the
following:

HI-BEAM
MODEM
SPACE
RADIATION
CAPABILITY IN LOW EARTH ORBIT (LEO)
Since the early days of space operations, Low Earth
Orbit (LEO) satellites have always been of interest.
Fortunately the LEO satellites, such as the Space
Station at 400 km altitude and 51.6 degrees inclination
have a less severe radiation environment than those
satellites at higher altitudes (3,000 km and 25,000 km).
1.

For satellites in low inclination (≤ 28 degrees)
Low Earth Orbit (LEO), <500 km ) in both
northern and southern hemispheres, typical
dose rates due to trapped Van Allen electrons
and protons are 100 – 1,000 rad(Si)/year.

1.

Total Radiation Dose: 2 to 10 kRad (typical)

2.

Single Event Upset (SEU) Threshold Linear
Energy Transfer (LET): 5 Mev/mg/cm2

3.

SEU Error Rate: 10E-5 errors/bit-day (typical)

For satellites in higher inclinations (20< I ≥ 85
degrees) LEO in both the northern and
southern hemispheres, typical dose rates due to
increased number of trapped electrons are
1,000 – 10,000 rad(Si)/year.

Based on this information taken from Reference 1
“NASA Preferred Reliability Practices” document, it is
important to understand the orbit and its associated
radiation environment before completing the radiation
assessment. The information above indicates that some
orbits may not require special electronic components to
reach a satisfactory level of Radiation Hardness. This is
especially true if the LEO orbit is only few hundred of
kilometers.

If the orbit parameters for a mission fall within these
areas of lower radiation concentrations, then it may be

Satellite missions can be fairly short so that the total
Dose may be limited because of the short times for the

2.
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mission. Also if the LEO orbit is close to 150 km, the
time to take to dump the data can also be very short (a
couple of minutes or so) which will also limit the total
Dose. These radiation effect considerations may make it
possible to use standard commercial electronic units in
the LEO satellite without performing any special
radiation hardening. If radiation hardening is required,
the steps that can be taken are the following:
1.

2.

Utilize parts that have sufficient total dose
safety factors;

3.

Install software capable of recovering the
system from latchup or upsets.

Most LEO satellite builders provide adequate metal
screening to ensure the dose level for the mission life
remains below 5krads which is usually a level suitable
for all commercial parts.

Shielding by placing structures between
sensitive electronics and the environment in
order to minimize dose;

requirements that the HI-BEAM modem needs to meet
during launch and on-orbit operation.

HI-BEAM MODEM STRUCTUAL AND
THERMAL CAPABILITY FOR LOW EARTH
ORBIT OPERATION

In Table 4 an assessment of how well the Table 3 tests
have verified that the space requirements will be met by
the existing HI-BEAM modem is given. As table 4
shows, four tests were not performed on HI-BEAM that
are needed to be done to assure Launch and on-orbit
mission success. These being Launch Vehicle Shock,
Acoustic, Launch Vehicle Acceleration and Venting
Analysis.

The HI-BEAM modem described earlier in this paper
was subjected to environmental testing in accordance
with MIL-STD-810G. These tests were performed to
ensure the modem would adequately function in the
expected aeronautical and ground operations and are
listed in Table 3. However this paper examines how
well the HI-BEAM modem could be used in a
spacecraft. Reference 2, produced by Goddard Space
Flight Center, has been used to provide the

Table 3: HI-BEAM MIL-STD-810G Certification Testing for Aircraft and Ground Operation
PARAMETER

METHOD/PROCEDURE

Low Pressure Altitude – Operating

60⁰ C Chamber

500.5 / Procedure II

Low Pressure Altitude – Operating

-20⁰ C Chamber

500.5 / Procedure II

Storage High Temperature

85⁰C Chamber

501.5 / Procedure I

Storage Low Temperature

-40⁰C Chamber

502.5 / Procedure I

High Temperature – Operating

60⁰C Chamber

501.5 / Procedure II

Low Temperature – Operating

-20⁰C Chamber

502.5 / Procedure II

Vibration – Truck, Prop Aircraft, Helicopter

Category 4, 8, 9

514.6 / Procedure I

Humidity – Operating

Aggravated

507.5 / Procedure II

Emission

Emissions

Part 15 Subpart B FCC Class A

TEST

The HI-BEAM modem would most likely be located in
a spacecraft compartment that would be temperature
controlled in the range of -10⁰C to 40⁰C. Certainly the
Low Pressure Altitude Operating tests and the
High/Low Temperature tests and the Humidity
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Operating test in Table 3 have verified that the HIBEAM will probably meet the necessary thermal

requirements for on-orbit spacecraft operation.

Table 4: Additional HI-BEAM Modem Testing Required
Probable Spacecraft Test Requirement

Assessment of HI-BEAM Capability from Table 3
Tests

Operational Temperature Range = - 10⁰C to + 40⁰C

Operational Temperature Range = -20⁰C to + 60⁰C
Exceeds requirement

Launch Acceleration: Axial +8.3/-2.3 G’s and Lateral
+6.5/-6.5 G’s

None performed

Venting: Internal fairing pressure at time of fairing
jettison is less than TBD psia

None performed

Transport and Storage: -10⁰C to +50⁰C

Storage Temperature Range = -40⁰C to +85⁰C Exceeds
Requirement.

Acoustic: Requirement is for entire Spacecraft

None performed

2

Random Vibration Max equals .013 g

Random Vibration Max equals .30 g2/Hz Exceeds Requirement See

/Hz

Figure 5

Launch Vehicle Shock

None performed

Thermal Vacuum Testing: 5 x 10-5 torr or less

Low Pressure Operating (> 70,000 ft) -20⁰C to + 60⁰C.
Probably meets requirement

Figure 5 shows the expected frequency profile (worstcase scenario) for the Random Vibration spectral
density during launch by an expendable launch vehicle
(ELV). This data, which is from Reference 2, was
compared with the accelerated spectral density that was
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be equal or less than that used on HI-BEAM. This
provides confidence that HI-BEAM will survive the full
range of the launch environment.
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Figure 5: Generalized Random Vibration Test Levels (g2/Hz) for Payload Components during ELV launch.
Top line is for components such as HI-BEAM that are 22.7-kg (50-lb) or less (Reference 2)

CONCLUSIONS
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Examination of HI-BEAM’s radiation tolerance level
(Total Dose = 5 kRads) indicates it can only operate at
the lower altitudes of a few 100 kilometers without
additional radiation hardening/shielding. This is also
assuming that the mission duration and the data link
transmission time are consistent with the Dose Level of
5 kRads. The amount of radiation hardening that will
need to be taken will depend on the Mission duration
including data link transmission time and the orbit.
Many of the spacecraft manufacturers provide adequate
metal shielding to ensure the dose level for the LEO
satellite electronic components will be below 5
kRads.Dose level and the SEU and SEL events are
minimized.
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